Identifying brain differences and similarities between bipolar disorder (BD) and major depressive disorder (MDD) is necessary for increasing our understanding of the pathophysiology and for developing more effective treatments. However, the features of whole-brain intrinsic functional connectivity underlying BD and MDD have not been directly compared. We collected resting-state fMRI data from 48 BD patients, 48 MDD patients, and 51 healthy subjects. We constructed voxel-wise whole-brain functional networks and computed regional functional connectivity strength (FCS) using graph-theory and further divided the regional FCS into long-range FCS (lFCS) and short-range FCS (sFCS). Relative to the controls, both the BD and MDD patients showed decreased sFCS in the bilateral precuneus. In addition, the BD patients showed increased and the MDD patients showed decreased lFCS and sFCS in the bilateral cerebellum. The BD patients also showed increased lFCS in the right middle temporal gyrus and increased sFCS in the bilateral thalamus compared to either the MDD patients or the controls. These findings suggest that BD and MDD may have some shared as well as a greater number of specific impairments in their functional connectivity patterns, providing new evidence for the pathophysiology of BD and MDD at the large-scale whole brain connectivity level.
Scientific RepoRts | 7: 3570 | DOI:10.1038/s41598-017-03777-8 default mode network (DMN) and prefrontal-limbic network [8] [9] [10] . In addition, previous methods calculated functional connectivity between brain regions by using seed-based correlation analysis and independent component analysis but have not measured the total number of functional connectivity per voxel.
Given the complex etiology and symptomatology of BD and MDD as well as the wide variety of brain structural and functional abnormalities reported 11, 12 , we proposed that it would be of great interest to examine the topology of the voxel-wise functional connectivity network throughout the entire brain. Whole-brain functional connectivity strength (FCS) mapping, a data-driven graph theory approach, measures the number of functional connections between a given voxel and other voxels [13] [14] [15] . Several studies have demonstrated that the FCS metric is closely associated with physiological measures such as regional cerebral blood flow 14 , aerobic glycolysis 16 , and oxidative glucose metabolism 15 . In fact, FCS alterations and correlations with pathophysiologic mechanisms have also been demonstrated in MDD [17] [18] [19] , Alzheimer disease 20 , schizophrenia 21 , and obsessive compulsive disorder 22 . Additionally, the effect of spatial distance on functional connectivity was further studied by dividing the global FCS into long-and short-range FCS according to the anatomical distance of a given voxel 23, 24 . The efficient, well-organized functioning of a human brain depends on both long-and short-range connections 25 . Long-range functional connectivity runs at higher metabolic and time costs 14, 26 , whereas short-range functional connectivity runs at lower metabolic and time costs. For instance, a developmental study of the healthy brain revealed that long-range and short-range functional connectivity increases and decreases with age, respectively 27 . Until now, no study has directly compared the difference in distance-related functional connectivity between MDD and BD.
In this study, we constructed voxel-wise whole-brain functional networks in BD and MDD patients as well as a group of healthy controls using R-fMRI data and performed long-and short-range FCS analyses. The goal was to study the whole-brain voxel-wise intrinsic functional connectivity patterns in unmedicated BD and MDD patients during a depressive episode. We hypothesized that BD and MDD patients would show shared and specific patterns in the disrupted topological organization of the functional connectome, especially in the DMN and the limbic network.
Methods and Materials
Subjects. A total of 53 currently depressed adults diagnosed with BD II and 56 currently depressed adults diagnosed with MDD were recruited from the Psychiatry Department of the First Affiliated Hospital of Jinan University, Guangzhou, China. The diagnoses of BD and MDD were made according to the Structured Clinical Interview for DSM-IV. The clinical state of each patient was assessed using the 24-item Hamilton Depression Rating Scale (HAMD) and the Young Mania Rating Scale (YMRS) during the seven-day period prior to the R-fMRI scan. The inclusive criteria were a HAMD-24 total score > 21 for the MDD patients and a YMRS total score < 7 and a HAMD-24 total score > 21 for the BD patients 28 . The exclusion criteria were patients with other Axis-I psychiatric disorders (except for UD, BD, and anxiety disorders), a history of organic brain disorder, neurological disorders, mental retardation, cardiovascular diseases, alcohol or substance abuse, pregnancy, or any physical illness. At the time of testing, all patients were either medication-naive or had been unmedicated for at least five months. None of the patients had received psychotherapy or electroconvulsive therapy prior to participating in the study.
In addition, we recruited 54 sex-, age-, and education-matched healthy subjects as controls via local advertisements. They were carefully screened through a diagnostic interview, the Structured Clinical Interview for DSM-IV (nonpatient edition), to rule out the presence of current or past psychiatric illness. Further exclusion criteria for the healthy controls were any history of psychiatric illness in first-degree relatives and any current or past significant medical illness or mental disorders.
All subjects were right-handed according to their self-report. The study was approved by the Ethics Committee of the First Affiliated Hospital of Jinan University, China, and the methods and procedures were carried out in accordance with the approved guidelines. All subjects signed a written informed consent form after a full written and verbal explanation of the study. Two senior clinical psychiatrists confirmed that all subjects had the ability to consent to participate in the examination.
Data acquisition.
All MRI datasets were obtained on a 3 T GE MR750 scanner with an eight-channel phased-array head coil in the Medical Center of the First Affiliated Hospital of Jinan University, Guangzhou. The R-fMRI datasets were acquired using a single-shot gradient-echo EPI sequence with the following parameters, repetition time (TR) = 2,000 ms, echo time (TE) = 25 ms, flip angle (FA) = 90°, field of view (FOV) = 240 mm × 240 mm, data matrix = 64 × 64, thickness/gap = 3.0/1.0 mm, 35 axial slices covering the whole-brain, and 210 volumes acquired in 7 minutes. During the R-fMRI scan, each subject was asked to keep their eyes closed but not to fall asleep, and to relax the mind but not to think about anything in particular. In addition, routine axial T1-weighted fluid attenuation inversion recovery (FLAIR) and fast spin-echo T2-weighted MR sequences were also applied to obtain brain images to confirm the absence of brain structural and signal abnormality.
Data preprocessing. The R-fMRI data were preprocessed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/) and DPARSF (http://restfmri.net/forum/DPARSF). For each subject, the first ten volumes of the R-fMRI dataset were discarded to allow for MR signal equilibrium, leaving 200 volumes for further analyses. The remaining functional images were first corrected for the acquisition time delay between slices within the same TR and then were realigned to the first volume for correcting for inter-TR head motion. This realignment calculation provided a record of the head motion within the R-fMRI scan. All of the subjects in this study satisfied our criteria for head motion, displacement < 1.5 mm in any plane and rotation < 1.5° in any direction. In addition, there was no difference in the mean frame-wise displacement of head motion between the three groups (p = 0.46). The R-fMRI data were spatially normalized to Montreal Neurological Institute (MNI) space, and were resampled to a voxel size of Scientific RepoRts | 7: 3570 | DOI:10.1038/s41598-017-03777-8 3 × 3 × 3 mm 3 . The waveform for each voxel was detrended and passed through a band-pass filter of 0.01-0.08 Hz to reduce the effects of low-frequency drift and high-frequency physiological noise. Finally, we regressed out nuisance covariates from each voxel's time course, including the signals of the brain white matter and cerebrospinal fluid (CSF), as well as the Friston-24 parameters of head motion.
Voxel-wise weighted FCS.
For each subject, we constructed a voxel-wise brain functional network with a node representing a voxel and the inter-voxel temporal correlation of the BOLD signals representing the edge weights. For a given node, we quantified its importance in a network by using the weighted FCS, which is defined as the summation of the connectivity strengths of all the connections between that node and all the other nodes 17, 19, 29 . The FCS for a given voxel i is defined by ref. 18
where r ij is the Pearson's correlation coefficient between voxels i and j in their BOLD signal time series and N is the number of grey matter (GM) voxels according to the GM probability map in SPM8 (GM probability > 20%). To examine the effects of anatomical distance on FCS analyses, we divided the FCS into short-range FCS (sFCS) and long-range FCS (lFCS) 23, 24 . The sFCS of a voxel is defined as the sum of the correlations between the given voxel and other voxels with an anatomical distance less than 75 mm, while the lFCS of a voxel is defined as the sum of the connections with an anatomical distance greater than 75 mm 23, 24 . Here, the anatomical distance between two voxels refers to the Euclidean distance measured using their MNI coordinates. In addition, we employed a thresholding procedure based on the statistical significance level of the correlation analyses to avoid the contamination of spurious weak correlations. Specifically, we first calculated the corresponding p-values of all the elements in each correlation matrix. Each p-value is the probability of getting a correlation as large as the observed value by random chance when the true correlation is zero. Then the inter-nodal temporal correlations surviving at a threshold of p < 0.05 (Bonferroni corrected) were retained or were reset to 0. In the calculations, we also set the negative inter-nodal temporal correlations as 0 given their ambiguous interpretation and the detrimental effects of test-retest reliability [30] [31] [32] [33] . In the end, two types of FCS maps, lFCS and sFCS maps, were obtained for each subject.
Statistical analyses
Group differences. For each subject, we first normalized the two types of FCS maps with a Fisher's r-to-z transformation based on the mean and SD across all voxels in each FCS map and then smoothed them with a Gaussian kernel of full-width at half maximum = 4 mm. Thus, we obtained the sz-lFCS and sz-sFCS maps for each subject. For convenience, in the following analyses, we used the lFCS and sFCS to refer to the sz-lFCS and sz-sFCS, respectively (also in Figures and Tables). Statistical tests were performed on each of the FCS maps across the three groups using a voxel-wise one-way analysis of covariance (ANCOVA) with age, gender, and the mean frame-wise displacement of head motion as the covariates. The result was corrected for multiple comparisons using the AlphaSim program based on the Monte Carlo simulation algorithm 34 . The clusters with significant group differences in each type of FCS map were determined at a threshold of p < 0.001 (Alphasim corrected), which was implemented in DPARBI by combining a height threshold and an extent threshold determined by Monte Carlo simulations 35 . For each of the detected clusters, we extracted the mean FCS of a spherical ROI with the centroid at its corresponding peak voxel (radius = 4 mm) and then conducted the post hoc analysis. When we performed the post hoc analysis comparing the BD and MDD groups, we also controlled for the age of onset as one of the covariates.
Brain-behavioral relationship. For the clusters showing significant group effects (one-way ANCOVA), we performed partial correlation analyses to describe the relationships between the lFCS or sFCS and the clinical variables in the BD and MDD groups, separately (p < 0.05, Bonferroni corrected). The clinical variables included the HAMD score, number of episodes, onset age of illness, and total duration of illness. In the calculations, we controlled for the age, gender, and the mean frame-wise displacement of head motion as the covariates.
Classification
We also plotted the receiver operating characteristic (ROC) curves to determine which of these clusters with significant group effects (ANCOVA) in lFCS or sFCS could be clearly used to distinguish the BD patients from the controls, the MDD patients from the controls, as well as the BD from the MDD patients. The ROC curve, a fundamental plot in signal detection theory that is widely used in medical science, is a scatter plot showing the relationship between false alarm rates and hit rates. It describes the relationship between the underlying distribution of the places where signals are absent and the places where signals are present. This analysis applied a public MATLAB code (http://www.mathworks.com/matlabcentral/fileexchange/. 199500roc-curve; by Giuseppe Cardillo).
Results
Demographic information. The demographic and clinical characteristics of the three groups are given in Table 1 . Five patients with BD, eight patients with MDD, and three control participants were excluded from further analyses because of excessive head motion or partial cerebellum coverage of their MRI scans. Finally, the participants included 48 patients with BD, 48 patients with MDD and 51 healthy control subjects. There was no significant differences between the three groups in gender, age, or education. Additionally, there was no significant differences in the HAMD scores (p = 0.21), YRMS scores (p = 0.47), number of episodes, and illness duration between the two depressed groups. However, the age of onset of the BD patients was significantly earlier than that of the MDD patients (p < 0.05). Group effect in lFCS. Figure 1a displays the brain clusters, including the right MTG and bilateral cerebellum (including the anterior, posterior, and vermis areas), showing a significant group effect in lFCS. Post hoc analyses (Fig. 1b) showed that the BD group showed significantly increased lFCS, but the MDD group showed significantly decreased lFCS in the cerebellum compared to the control group. Moreover, the BD group showed significantly increased lFCS in the right MTG compared to either the MDD or the control group.
Group effect in sFCS. Figure 2a displays the brain clusters, including the bilateral precuneus, bilateral thalamus, and bilateral cerebellum (including the anterior and vermis areas) showing a significant group effect in sFCS. Post hoc analyses (Fig. 2b) showed that both the BD and MDD groups had significantly decreased sFCS in the bilateral precuneus compared to the control group. The BD group showed a significantly increased sFCS, but the MDD group showed a significantly decreased sFCS in the cerebellum compared to the control group. Moreover, the BD group showed a significantly increased sFCS in the bilateral thalamus compared to either the MDD or the control group.
Brain-behavioral correlations. For all the clusters listed in Table 2 , we performed partial correlation analyses to describe the relationships between lFCS or sFCS and the clinical variables in the BD and MDD groups (p < 0.05, Bonferroni corrected). In the BD group, the lFCS of the cerebellum were significantly negatively correlated with the number of episodes (r = −0.395, p = 0.005) and duration of illness (r = −0.435, p = 0.002) (Fig. 3) . However, no significant correlation was found between the FCS and any of the clinical variables in the MDD group.
Classification. On the basis of the ROC analyses, we determined the classification power of the clusters showing significant group effects in the lFCS and sFCS (see Table 3 ). We can see that the lFCS and sFCS values in most of these clusters can distinguish the BD patients from the MDD patients, the BD patients from the controls, and the MDD patients from the controls (p < 0.05). In particular, the lFCS of the right MTG showed the highest classification power for distinguishing the BD patients from the MDD patients and the BD patients from the controls (p < 0.05 and AUC > 0.7). Additionally, the sFCS of the bilateral precuneus showed the highest classification power for distinguishing the MDD patients from the controls (p < 0.05 and AUC > 0.7).
Discussion
In a substantial sample of unmedicated adult patients with BD and MDD during a depressive episode, we examined the topological properties of voxel-wise whole-brain functional networks by estimating lFCS and sFCS. Both the BD and MDD patients showed altered lFCS and sFCS in the precuneus and cerebellum. Specific to the BD patients, we found increased lFCS in the MTG and increased sFCS in the bilateral thalamus. The BD group showed more pronounced lFCS and sFCS differences from the controls than the MDD group. These findings provide new evidence for shared and specific neuropathological mechanisms underlying BD and MDD from the perspective of the functional connectivity pattern.
Shared FCS patterns in BD and MDD.
In this study, we found both the BD and MDD patients showed similarly decreased sFCS in the bilateral precuneus (Fig. 2, Table 2 ), which suggests shared short-range functional The p-value was calculated from permutation twosample t test. N/A, not applicable. connectivity impairments in the precuneus in both disorders. Further ROC analyses indicated that the sFCS of the precuneus could be applied as a candidate biomarker to distinguish MDD patients from controls (Table 3) . Nevertheless, a larger sample size is warranted in future studies to replicate our results and to extend the generalizability of our results. These results are consistent with a recent voxel-wise R-fMRI study 36 , which showed decreased short-range functional connectivity in the bilateral precuneus in first-episode, drug-naive adult MDD patients. The precuneus and PCC, the major hub nodes of the DMN, are related to a wide range of cognitive functions, such as episodic memory retrieval, modulation of emotionally salient memories, self-consciousness, and visuo-spatial imagery 37 . Several R-fMRI studies also indicated involvement of the precuneus/PCC in mood disorders, including abnormal spontaneous activity 38 and functional connectivity 28, 39-42 . Previous task-fMRI studies also reported abnormal activity in the precuneus/PCC in BD and MDD patients during cognitive and Post-hoc analyses of the sFCS for the significant clusters. The 'BD' type indicates that the sFCS in the cluster was specifically altered in the BD patients but not in the MDD patients. The 'shared' type indicates that the cluster with altered sFCS was detected in both the BD and the MDD patients. ◊, ∆, and ○ in the scatter plot indicate the mean lFCS values of a given cluster for a subject in the BD, MDD, and control groups, respectively. Red dots indicate outliers. The box plot shows the median (red line), interquartile range (blue lines), and sample minimum and maximum values (dark lines). The horizontal lines on top indicate pairwise comparisons that survived statistical thresholds: ***p < 0.001; **p < 0.01; *p < 0.05. Abbreviations: sFCS, short-range functional connectivity strength; BD (MDD), bipolar (major depressive) disorder; B (L, R), bilateral (left, right).
Scientific RepoRts | 7: 3570 | DOI:10.1038/s41598-017-03777-8 emotional tasks [43] [44] [45] . Furthermore, other studies found normalized function in the precuneus/PCC in depressive patients following treatment with antidepressant medications 46 or cognitive behavioral therapy 47 . Taken together, the finding of decreased sFCS in the precuneus suggests that disturbed functional connectivity in the precuneus/ PCC could partially contribute to impaired integration of emotion and memory in BD and MDD patients in a depressive episode.
Although the cerebellum is primarily thought to modulate movement, in fact regions of the cerebellum are closely interconnected with the frontal cortices and limbic system 48 , suggesting that it plays a role in the regulation of emotion, affect, and cognitive processes 49, 50 . This study identified increased lFCS and sFCS in the BD patients, but decreased lFCS and sFCS in the MDD patients in the cerebellum (including the anterior, posterior, Table 3 . The classification results for the brain clusters showing a significant group effect in the FCS (p < 0.001 Alphasim corrected, ANCOVA). The 'BD' type indicates that the FCS in the cluster was altered specifically in the BD patients but not in the MDD patients. The 'shared' type indicates that the cluster with altered FCS was detected in both the BD and the MDD patients. Abbreviations: lFCS (sFCS), long-range (short-range) functional connectivity strength; BD (MDD), bipolar (major depressive) disorder; MTG, middle temporal gyrus; AUC: area under the ROC curve; B (R), bilateral (right).
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and vermis) (Figs 1 and 2 , Table 2 ), suggesting altered functional connectivity in the cerebellum in both disorders. These results are in line with two recent studies, which also found reduced FCS in the cerebellum in MDD patients with a history of childhood maltreatment 18 and increased FCS in the anterior lobe of the cerebellum in BD patients 51 , but these two studies did not classify the FCS into short-range and long-range FCS. Cerebellar abnormalities have been reported in both BD and MDD patients, including abnormalities of gray matter volume 11, 50, 52 , functional activity 28, 38, 50 , functional connectivity 28, 53 , and glucose metabolism 54, 55 . In addition, we observed that the lFCS of the cerebellum was associated with the number of episodes and duration of illness in the BD patients (Fig. 3) . Although a longitudinal study will be needed to reach a definitive conclusion, this finding would be compatible with a post-onset, time-dependent progression of the brain changes in BD 56 . Taken together, our finding of an abnormal cerebellum provides additional evidence for the involvement of cerebellar dysfunction in the pathophysiology of BD and MDD.
Specific FCS patterns in BD.
In this study, we found increased lFCS in the right MTG in the BD patients but not in the MDD patients (Fig. 1, Table 2 ), suggesting BD-specific functional connectivity abnormalities in the MTG. Further ROC analyses indicated that the lFCS of the right MTG may be a candidate biomarker to distinguish BD from MDD and from controls at the highest classification power (Table 3) . Increased functional connectivity is typically interpreted as compensatory reallocation or dedifferentiation [57] [58] [59] . Several structural MRI studies of BD patients found decreased cortical thickness in temporal regions, including the superior, middle, and inferior temporal gyri [60] [61] [62] . Taken together, our results suggest that increased FCS in BD could be a compensatory response to structural deficits. The middle and inferior temporal gyri, located on the lateral surface of the temporal neocortex, are involved in cognitive functions such as language, visual perception, and memory [63] [64] [65] [66] . For example, a previous fMRI study found decreased activation in the middle/inferior temporal gyrus in euthymic BD patients during a counting Stroop interference task 66 . Additionally, the middle temporal gyrus (BA 21) has consistently been reported as being part of the DMN 67 . Therefore, our results suggest that abnormal functional connectivity in the MTG might play an important role in the pathophysiological mechanisms of BD and might be associated with neurocognitive deficits.
We also detected increased sFCS in the thalamus in BD in combination with increased lFCS and sFCS in the cerebellum, findings which would suggest disturbed integrity of the cerebello-thalamo-prefrontal functional connectivity in the resting-state in BD. The thalamus, as a central relay station of the brain that filters and gates sensory inputs to the cerebral cortex, is an important key node of the cerebello-thalamo-prefrontal pathway 68 . A recent R-fMRI study found increased functional connectivity between the orbitofrontal cortex and the thalamus in medication-free adolescents with BD 69 . A systematic review of fMRI studies found increased responsiveness in the thalamus in BD but not MDD using facial affect processing paradigms. Structural MRI studies found that BD patients and their unaffected first-degree relatives had smaller thalamus volumes 71, 72 , suggesting that such abnormalities may reflect an underlying vulnerability marker of illness in BD. Evidence from MRI studies showed that structural alteration in the cerebello-thalamo-prefrontal network was associated with neurological soft signs (NSS) in schizophrenia and related psychotic disorders, making this network a candidate for the location of cognitive dysmetria 68, 73 . NSS are minor neurological abnormalities that include motor, sensory, and inhibitory dysfunctions 73 . Previous studies found an increase in NSS in BD patients [73] [74] [75] but not in MDD patients 73 . Taken together, the impairment of the cerebello-thalamo-prefrontal pathway may cause dysfunction of information transmission and functional integration, which may bring about NSS in BD.
Limitations. This study has several limitations. First, we did not examine data from remitted BD or MDD patients. Therefore, we cannot infer whether the observed group differences persisted once the depressive episodes remitted or whether the findings represent effects of state or trait on the respective illnesses. Second, because we lacked longitudinal data, although the MDD patients in the current study had no family history of BD, we cannot predict whether some patients will later switch to BD. Finally, because clinical symptomatology can change over a period of seven days, collecting the measurements of clinical variables such as the HAMD and YMRS scores, over a seven-day period is another limitation.
In conclusion, this study applied a data-driven, unbiased search for the voxel-wise whole-brain intrinsic functional connectivity in BD and MDD patients as well as in a group of healthy controls. Our results indicated similarly disrupted functional connectivity in the precuneus and cerebellum in BD and MDD. Moreover, we found BD-specific functional connectivity abnormalities in the MTG and thalamus as well as that the BD patients experienced more functional impairment than the MDD patients. Our findings suggest that these two disorders may have some shared and a greater number of specific impairments in the functional connectivity patterns during depressive episodes. These findings provide new evidence for the pathophysiology of BD and MDD at the large-scale whole brain connectivity level.
